ABSTRACT This work investigates the interaction of carotenoid and chlorophyll triplet states in the peridinin-chlorophylla-protein (PCP) of Amphidinium carterae using step-scan Fourier transform infrared spectroscopy. We identify two carotenoid triplet state lifetimes of ;13 and ;42 ms in the spectral region between 1800 and 1100 cm À1 after excitation of the 'blue' and 'red' peridinin (Per) conformers and the Q y of chlorophyll-a (Chl-a). The fast and slow decaying triplets exhibit different spectral signatures in the carbonyl region. The fast component generated at all excitation wavelengths is from a major conformer with a lactone stretching mode bleach at 1745 cm À1 . One (1720 cm À1 ) and two (1720 cm À1 and 1741 cm À1 ) different Per conformers are observed for the slow component upon 670-and 530-480-nm excitation, respectively. The above result implies that 3 Per triplets are formed via two different pathways, corroborating and complementing visible triplet-singlet (T-S) spectra (Kleima et al., Biochemistry (2000), 39, 5184). Surprisingly, all difference spectra show that Per and Chl-a modes are simultaneously present during the 3 Per decay, implying significant involvement of 3 Chl-a in the 3 Per state. We suggest that this Per-Chl-a interaction via a delocalized triplet state lowers the 3 Per energy and thus provides a general, photoprotection mechanism for light-harvesting antenna complexes.
INTRODUCTION
Photosynthetic organisms use antenna pigment-protein complexes for harvesting light energy and for transferring the excitation energy to the reaction center (RC), where it is converted into an electrochemical potential leading ultimately to NADH and ATP synthesis (1) . To do so, dinoflagellates use the water-soluble peridinin-chlorophyll-a-protein (PCP), a major light-harvesting (LH) pigment protein in conjunction with a light-harvesting complex (LHC) of the conventional three-transmembrane type (2) . PCP is the LH protein with the highest carotenoid/chlorophyll ratio: four peridinins (Pers) per chlorophyll-a (Chl-a). This ratio, as well as the small number of chromophores per protein, makes PCP a perfect model system for studying the photoprotection mechanism by carotenoids.
The photochemical properties of carotenoids are determined to a great extent by the length of their p-electron conjugation and the nature of the functional groups attached on the conjugated chain (3, 4) . Per has an unusual C 37 carbon skeleton rather than the typical C 40 system present in most carotenoids (Fig. 1) . The unique structure of Per is constituted of an allene moiety and a lactone ring in conjugation with the p-electron system of the carotenoid backbone, an epoxy group with a secondary alcohol group on one b-ring, and an ester group located on the opposite b-ring with a tertiary alcohol group. The structural differences between Per and other carotenoids are most likely related to its unusual function in PCP; in contrast to most photosynthetic LHCs, Per, and not Chl-a, is the main light-absorbing pigment in PCP.
Per absorbs light in the 470-550-nm region and is extremely efficient at harvesting light in photosynthetic antenna pigment-protein complexes (5) (6) (7) (8) . In PCP, the efficiency for Per-Chl-a excitation energy transfer (EET) is ;90% (5, 9, 10) . Such high efficiency is achieved by tight packing, at van der Waals radii, of the pigments, minimizing the distances between donor (Per) and acceptor (Chl-a) molecules. The 2.0-Å crystal structure of PCP from the dinoflagellate Amphidinium carterae reveals a trimeric arrangement (2) . Monomeric PCP contains eight Pers and two Chl-a molecules, which are densely packed and arranged in two essentially similar units each consisting of four Pers clustered around one Chl-a molecule.
Per in PCP not only has an exceptional LH function, but it is also very efficient in photoprotecting protein and chromophore from degradation by singlet oxygen, as 100% of Chl-a triplet is quenched (9, 11) . Singlet oxygen can be formed by the quenching of chlorophyll triplet states: 3 The lowest triplet energy level of carotenoids with nine or more conjugated double bonds is assumed to be lower than that of singlet oxygen (19, 20) , which lies at 7882 cm À1 (21, 22) . The carotenoid triplet does not react with ground state oxygen, thus preventing the generation of singlet oxygen, and is for the same reason able to scavenge singlet oxygen. Per has eight double bonds in the backbone, conjugated to a ninth double bond of the carbonyl group in the lactone ring. Considering the molecular features that make Per an efficient light harvester-the strong electronegative oxygen atoms of the lactone ring ( Fig. 1 ) and the structural perturbation by the protein environment (2)-the triplet state energy of Per conformers might be just at an energy threshold for quenching singlet oxygen. Typically, unquenched chlorophyll triplets display lifetimes in the orders of a few milliseconds, long enough to lead to singlet oxygen formation and a subsequent damage of the LH apparatus. Under such conditions, both the L and M subunits of the carotenoidless RC from Rhodobacter sphaeroides were uniformly photodamaged (23) .
In PCP, the triplet states of Chl-a are formed via intersystem crossing (ISC) from Chl-a singlet states. The latter are formed after direct Chl-a excitation or after EET, which follows direct excitation of Per (9, 10, 24) . The Per triplet states are populated by triplet excitation energy transfer (TEET), which is governed by an electron-exchange interaction (Dexter mechanism) (22, 25) . Kleima et al. (11) found a Per triplet lifetime of 10 ms at room temperature (RT) and 13 and 40 ms for 77 K and four Per conformers to be involved in the triplet state formation, consistent with the 10 ms Per lifetime found by Bautista et al. (9) at RT and the two lifetimes of 13 and 58 ms reported by Carbonera et al. (26) within a temperature range from 2 to 200 K and assigned to the anisotropy of the triplet sublevel dynamics. The PCP visible triplet-singlet (T-S) spectra (11, 27 ) exhibit a Q y Chl-a differential signal assigned to Chl-a-carotenoid interaction and is similar to carotenoid T-S spectra found in bacterial and higher plant antennae (28) (29) (30) . This interaction signal shows concerted dynamics with the carotenoid triplet (11, 28) and has been discussed in terms of a Stark effect, but its exact nature remains unclear. To investigate the nature of the Per triplet state in more detail, we have measured the 3 Per dynamics in the A. carterae, Per-Chla-protein (A-PCP) using time-resolved step-scan Fourier transform infrared spectroscopy (FTIR) in the region 1100-1800 cm À1 after either direct Per or Chl-a excitation. With time-resolved step-scan FTIR, we monitor excitation-induced variations in vibrational modes. We observe that 3 Chl-a coexists with 3 Per, as they have the same dynamics, and suggest that delocalization of the triplet over the Per and the Chl-a is responsible for the conspicuous Q y bleach in visible T-S spectra. In addition we report that the triplet dynamics are excitation wavelength dependent, implying that 3 Per triplets in PCP are formed via two different pathways.
MATERIALS AND METHODS

Sample preparation
Samples of PCP of A. carterae were prepared as previously described (2) . Droplets of 20 mL of PCP solution, containing 10 mg/mL PCP, 25 mM Tris Cl (pH 7.5) buffer, 3 mM NaN 3 , 2 mM KCl, were concentrated under nitrogen flow on a CaF 2 window. The resulting paste (3-5 mL) was spread between two tightly fixed CaF 2 windows.
The high concentration of ;60 mg/mL implies that 99% of PCP was in the trimeric form. The optical density (0.3 for 670 nm) and homogeneity of the sample were checked before and after each experiment by recording ultraviolet/visible (250-700 nm) and midinfrared (1800-1100 cm À1 ) steadystate spectra to ensure reproducible experimental conditions.
Time-resolved step-scan FTIR absorption measurements
The time-resolved interferograms were recorded at RT using a step-scan FTIR spectrometer (IFS 66s Bruker, Billerica, MA) placed on an air-bearing 
Data acquisition and analysis
Each three-dimensional IR interferogram has a time resolution of 1 or 5 ms and 660 points for a required resolution of 8 cm À1 in a spectral window from 1800 to 1100 cm À1 . Every data set is an average of 20 single-sided timeresolved interferograms of which each point is a time slice that is the average of nine coadditions. The time-resolved interferograms have been further Fourier transformed into time-resolved IR difference spectra (OPUS software, FIGURE 1 Molecular structure of Per.
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Bruker Optics). For the interpretation of the data we applied a parallel kinetic model and fitted the dynamics of every point of a spectral data set simultaneously with global analysis (31, 32) . This analysis leads to decay-associated difference spectra (DADS) with associated lifetimes, whose errors have been estimated to be ,10%.
Experimental errors and reproducibility
Three lifetimes were needed to sufficiently fit the data. Besides two very intense DADS, a third component of very low intensity (,10%) has been fitted with a lifetime of ;500 ms. However, due to the limited stability of the mirror in the Michelson Interferometer, an artificial millisecond vibration can show up as experimental lifetime error along the time axis, and consequently we exclude the third DADS from our discussion. Due to the acquisition and FT of interferograms, every point and its dynamics in the spectral data set are a result of several interferogram points and their dynamics. Spectra were reproduced reliably under different laser intensity (10-0.2 mJ/cm 2 ) conditions and experimental settings, such as time and frequency resolution (1 and 5 ms, 8 and 16 cm À1 ). At higher laser excitation intensities, the spectral and dynamical information were the same, but the sample would bleach quickly (after some minutes). At lower intensities (,0.5 mJ), the signal/noise ratio was too small, thus we used typically a laser pulse energy of 2 mJ/cm 2 . To investigate the excitation wavelength dependence, we carefully set the pump power to 2 mJ/cm 2 for all excitation wavelengths and performed the measurements the same day on the same sample, refreshing the pumped spot twice for each excitation.
Under the above experimental conditions the number of absorbed photons is of the same order of magnitude as the number of Pers contained in the excited volume of the sample, thus with our 5-7-ns pulse the probability for uncontrolled multiphoton processes (33) is rather small. No longer-lived Chl-a triplets have been detected, excluding the possibility of free or unquenched Chl-a.
RESULTS
Time-resolved step-scan FTIR spectra of PCP triplet states
In this article we use microsecond time-resolved FTIR spectroscopy to measure triplet formation in PCP by monitoring excitation-induced variations in the vibrational modes of the PCP chromophores. In the following paragraphs, we present the estimated lifetimes, the DADS, and the vibrational mode assignment of three sets of time-resolved IR data resulting from excitation of Chl-a at 670 nm (Q y ) and Per at 480 nm (maximum of Per absorption) and 530 nm (red edge of Per absorption). Excitation at 550 nm gave essentially the same result as at 530 nm (data not shown).
Data analysis/lifetimes
Time-resolved mid-IR spectra were collected and globally analyzed at frequencies between 1100 and 1800 cm À1 , and the resulting DADS are shown in Fig. 2 . To describe the timeresolved data, we used a parallel model, which required three components: two fast lifetimes, of the order of tens of microseconds and a longer one that we do not consider further (see experimental error section). No components were found in the order of the instrument response of ;5 ms. This was corroborated by measurements with a time resolution of 1 ms yielding the same dynamics (data not shown).
We find the triplet state dynamics of PCP at RT to be described by lifetimes of 13 and 42 ms, which are typical of carotenoid triplets. Previous experiments on PCP in the visible spectral region reported one Per triplet lifetime of 10 ms at RT (9,11) and two lifetimes of 13 and 40 ms at 77 K (11) and 13 and 58 ms up to 200 K (26), respectively. Typical carotenoid triplet lifetimes of light-harvesting complex II (LHCII), peripheral purple bacteria light-harvesting complex (LH2), and PCP are compared in Table 1 . Our observation of two triplet lifetimes at RT could be related to our strictly anaerobic experimental conditions. In Fig. 2 the positive DADS signals originate from excited state absorption (ESA) of the triplet states and negative DADS signals from the bleach of the ground state.
Spectral analysis
In our spectral analysis, we distinguish four regions of interest: the carbonyl region (1800-1630 cm À1 ); the C¼C stretch region, characteristic of the polyene backbone of carotenoids and chlorophylls giving rise to bands between 1610 and 1525 cm À1 ; the CH-deformations and possible lactone ring modes in the region of 1450-1380 cm À1 ; and the fingerprint region below 1380 cm À1 with, e.g., CH-out-of-plane, C-C, and C-O stretches and their combinations (37). 
C¼C stretching and C-H deformation modes
As we can see in Fig. 2 (34) . In Per we observe slightly higher frequencies, indicating a decrease in bond order, as observed normally for peripheral C¼C stretches (36) . Moreover, the broad band extending from ;1480 cm À1 to lower frequencies (bleach) due to CH-deformation modes is characteristic of carotenoids (37) . The reported modes of Chl-a in PCP (11) at 1610, 1553, and 1526 cm À1 might also contribute to these bands to a minor extent. Additional recognizable modes are at ;1450 cm À1 the methylene C-H deformation and the methyl asymmetric bending modes, as well as the symmetric methyl bending mode of the Per backbone peaks at 1408/1380 cm À1 (bleach/ESA) (37).
Carbonyl region: molecular probes
The carbonyl region contains contributions from Per and Chl-a since both have carbonyl groups in conjugation with their electronic system. These carbonyl modes are very sensitive to electronic changes and can be used as molecular probes for the individual chromophores. The carbonyl modes that can be expected in this region are the lactone mode of Per and the 10a-ester and 9-keto modes of Chl-a (Fig. 1) . Fig. 3 shows the second derivative of the steady-state FTIR absorption spectrum of the PCP carbonyl region together with the raw data obtained at t 0 by step-scan FTIR for 530-and 670-nm excitation. The FTIR data show carbonyl stretching modes at 1770, 1745, 1725, 1710, 1695, and 1681 cm À1 that are all involved in the triplet dynamics as the corresponding bleaches are observed in the raw time-resolved data. The strong amide I band, representing absorption of the protein backbone carbonyl stretch, is located at 1650 cm À1 and off scale in Fig. 3 . After global analysis, the DADS in the carbonyl region show five major frequencies in the ground state bleach (best resolved with 530-nm excitation): 1745 cm À1 (DADS1), 1741, 1720 cm À1 (DADS2), 1699, and 1686 cm À1 (both DADS) as seen Fig. 4 . The slight mismatch observed between the negative bands in the second derivative IR absorption spectrum relative to the time-resolved spectra bleaches is due to the positive absorption that accompanies a band shift.
Carbonyl modes of Chl-a
The bands at ;1699, 1686 cm À1 (bleach), shown in Fig. 4 , match the 1697 and 1681 cm À1 ones reported from fluorescence line narrowing (FLN) spectra at 4 K (11). Since no crystallographic evidence has been found for H-bonded Chl-a 9-keto in 1PPR (PCP Protein Data Bank code), we assign the 1699-cm À1 band to a Chl-a in a relatively apolar environment. The ESA of the two bands has shifted down to 1670 and 1657 cm À1 , respectively. Such a downshift is typical for the 9-keto vibration of Chl-a in T-S FTIR spectra and can be perfectly overlapped with the T-S FTIR spectrum of Chl-a in tetrahydrofuran (THF) (38) . Chl-a triplets are known to exhibit a downshift in the ESA, whereas Chl-a cations are upshifted (38) (39) (40) . A hypothetical charge transfer state leading to Per(1)/Chl-a(À) would be expected to downshift the (43) . In our data the 9-keto vibration of Chl-a downshifts by 30 cm À1 and strongly suggests that only Chl-a triplets exist on typical triplet carotenoid lifetimes and we can exclude the presence of Chl-a cations and anions.
ESA of the Chl-a 9-keto carbonyl modes is dependent on the excitation wavelength as the envelop centered at 1670 cm À1 under 670-nm excitation evolves to a splitting at 1670 cm À1 and 1657 cm À1 for 530-nm excitation (Fig. 4) . This suggest that direct Chl-a excitation favors the localization of the Chl-a/Per triplet on the high-frequency keto carbonyl Chl-a, whereas direct red Per excitation populates both Chl-a equally. From the 9-keto-mode amplitudes at 1699, 1686 cm À1 , we conclude that both Chl-a molecules of the quasisymmetric PCP monomer are involved in the triplet state dynamics at RT, however to a different extent depending on the excitation wavelength.
The 9-keto mode is the strongest mode in T-S Chl-a FTIR difference spectra, about three times more intense than the 10a-ester mode (38, 39) , so we assign the other strong carbonyl modes to the lactone vibration of Per.
Carbonyl modes of Per
The remaining three ground state bleach modes-again best resolved after 530-nm excitation-at 1745 cm À1 (DADS1), 1741 (DADS2), and 1720 cm À1 (DADS2) represent the lactone carbonyl modes of three distinguishable Per conformers; however, the 1741 cm À1 (DADS 2) conformer is absent under 670-nm excitation (Fig. 4) . The Per ester group, which could be a candidate for these frequencies, is located at one of the cyclo-hexane end groups and isolated from the conjugated backbone (Fig. 1) . For this reason, we do not expect contributions of the ester group after electronic excitation. The carbonyl stretch of a five-membered lactone has a typical frequency of 1765 6 5 cm À1 (44), which can downshift by 20 cm À1 in conjugation with a p-system, as in Per, and even farther in a polar environment or with hydrogen bonding of the carbonyl to the protein pocket. Moreover, the 25-cm À1 downshift of the ESA corresponding to the 1745/ 1720 cm À1 bands would be large compared to 5 cm À1 for ester groups (as reported, e.g., for chlorophyll) (39) . The observed ground state bleach modes are in agreement with Per resonant (530 nm) Raman data for PCP (E. Papagiannakis and B. Robert, unpublished data), which display only two broad bands at 1745 and 1720 cm À1 in the carbonyl region. In addition, the resonant Raman spectrum of Per in methanol shows only one broad carbonyl frequency, peaking around 1740 cm À1 .
Assignment of possible protein modes
The highest modes, above 1760 cm À1 (1790/1780 and 1770/ 1760 cm À1 DADS2, 670-nm excitation, Fig. 4 ), for both bleach and ESA bands are rather high in energy to originate from Per lactone, Chl-a 10a-ester, or Per ester vibrations; and the downshift of ;10 cm À1 is rather small compared to the shift of 25 cm À1 observed for Per lactone (1745/1720 cm À1 DADS1, 670-nm excitation, Fig. 4 ). Thus, it is more likely that these modes represent conformational changes of acidic residues as Asp or Glu upon triplet formation, but we cannot exclude a contribution from the Per ester carbonyl. The spectral assignments summarized in Table 2 lead to the following conclusions:
All observed modes in the second derivative FTIR spectrum (Fig. 3) are involved in the triplet decay dynamics with bands at 1745, 1741, 1725, and 1710 cm À1 and bands at 1695 and 1681 cm À1 assigned to various Pers and Chl-a conformers, respectively, experiencing different protein environment. The 1710-cm À1 band clearly observed in the second derivative IR absorption spectrum contributes to a lesser extent to the differential signal; the 1770-cm À1 band is likely assignable to acidic side chains of amino acids or ester stretch of Per. Differential signals of Per and Chl-a are characteristic for their respective triplet states, which disappear with typical carotenoid triplet decay time constants. This implies that in PCP, whereas the triplet is on the Per, the triplet wave function is delocalized over the Chl-a, and both triplet signals decay with typical carotenoid triplet lifetimes. In addition, both Per and Chl-a infrared differential signals show an excitation wavelength dependence. The lowfrequency keto carbonyl Chl-a is more populated and the 1741-cm À1 Per conformer appears in DADS2 upon direct red Per excitation (530 and/or 550 nm) in comparison to direct Chl-a excitation (670 nm). As seen in Fig. 5 the 1720 cm À1 dynamics shows a strong wavelength dependence, suggesting increased population of this Per conformer upon direct Per excitation. These spectral changes are accompanied by an overall increase of signal amplitude observed from 670 to 480 and to 530 nm in Fig. 4 . This signal increase is better observed in the raw data before global analysis, as seen in Fig. 6 .
DISCUSSION
For the spectral assignments, the carbonyl region is most important, as Per and Chl-a possess conjugated carbonyl groups which are sensitive to the protein environment and the electronic state of the pigment. In other words, the carbonyl modes are the molecular probes for the pigments: the 9-keto mode of the Chl-a and the carbonyl group of the lactone ring of Per. The keto modes are generally expected at lower energies (#1700 cm À1 ) compared to lactone modes (.1700 cm À1 ), which makes them easily distinguishable.
Chl-a modes: coexistence of Chl-a and carotenoid triplets
Best resolved are the vibrational modes in the DADS after excitation at 530 nm. In the region below 1700 cm À1 the two strong bleach vibrations at 1699 and 1686 cm À1 are assigned to Chl-a ground state modes on the basis of FLN data (11), resonant (413 nm) Raman data (E. Papagiannakis and B. Robert, unpublished data), and differential FTIR spectroscopy (38) . As the observed lifetimes reflect typical carotenoid triplet lifetimes, it is somewhat surprising to observe Chl-a modes involved in the DADS. However, a bleach of the Chl-a Q y band at 670 nm with a microsecond lifetime has also been observed in visible (VIS) T-S spectra of PCP (9, 11) and LHCII (45) . The interpretation was that the Chl-a senses the carotenoid triplet and is electronically perturbed. Van der Vos et al. (29) proposed a mechanism in which Chl spectral changes are induced by a change in the electrostatic interaction between the Chl singlet state and a nearby carotenoid in the triplet state. At a short distance such an electronic perturbation can be strong on, e.g., the Chl Q y , and this could lead to a bleach of the Q y through band shift or changes in dipole strength. Although a definite excited state species originating from Chl-a could not be observed in the visible T-S spectra (10, 24) , the DADS (Fig. 4) presented here show that the two Chl-a ground state modes experience a downshift to 1670 cm À1 and 1657 cm À1 , respectively. This downshift of ;30 cm À1 in the keto mode is typical for an excited triplet À1 bleach/ESA of the Chl-a 9 keto, which suggests that a significant fraction of Chl-a is in the triplet state, as observed in the T-S spectra of PCP (9, 11) and LHCII (45) . For the latter it was calculated that the presence of a triplet state on a carotenoid bleaches ;75% of the absorption equivalent of one Chl-a. Thus, our interpretation that the Chl-a in PCP has a triplet character during the time that Per triplets are present is in agreement with previous nanosecond flash photolysis experiments in the visible T-S spectra (11) .
Quenching models for chlorophyll triplet states
The concerted dynamics of Chl-a triplets and Per triplets in all our DADS is quite unexpected since all Chl-a triplet excitation energy is thought to be finally quenched by Per (5, 9, 11, 46) or carotenoids in general, due to their low-lying triplet states. The classical triplet transfer pathway describes the quenching of chlorophyll triplet states by energetically lower lying carotenoid states. For PCP the following equation describes the mechanism: a:
3 Chl-a 1 Per/Chl-a 1 3 Per:
However, this does not explain the experimentally observed coexistence of Per and Chl-a triplets at Per lifetimes. To explain the Chl-a dynamics on carotenoid lifetimes, two scenarios can be proposed: an equilibrium between Chl-a and Per triplet states or a delocalized triplet state in which the triplet is shared by Per and Chl-a.
b:
3 Chl-a 1 Per4Chl-a 1 3 Per ðequilibriumÞ c: 3 Chl-a 1 Per/ 3 ½Chl-a 1 Per ðdelocalized tripletÞ:
Equilibrium model
One explanation for the concerted chlorophyll triplet dynamics would be a dynamic thermal equilibrium between the Per and Chl-a triplet states where the triplet state is deactivated via the fastest pathway, the Per pathway, which might explain the typical carotenoid triplet lifetime. Triplet migration has been reported between Pers in PCP (26) , and the thermal equilibration of chlorophyll triplets in PSII-RC (Chl1/P680) has been observed (40) . Recent phosphorescence spectroscopy on LH2 antenna complexes (47) has determined the difference of BChl-a and carotenoid triplet energy to be only ;500-700 cm À1 (BChl T 1 energy 7590 cm À1 vs. ;7000 cm À1 for carotenoids) and shows coexistence of both BChl and carotenoid triplet in an almost equal amount in the stationary state. The authors interpreted the coexistence of T 1 BChl and T 1 Car as a thermal equilibrium which, however, recombines into a Q y singlet excited state via triplet-triplet annihilation in ;2 ns. These are equilibria between almost energetically equivalent triplet states, and we observe coexistence of Per and Chl-a triplet states in the microsecond timescale. An equilibrium between 3 Chl-a and 3 Per would have to overcome a energy difference of ;2000 cm À1 , as the lowest triplet state is estimated to be ;10,000 cm À1 for chlorophylls (48) and ;8000 cm À1 for 3 Per based on a Per S1 of 16,100-16,500 cm À1 , where the lowest carotenoid triplet state is estimated to lie at half of the corresponding S 1 energy level (3).
In the context of a thermal equilibrium, we would expect lowering the temperature to favor triplet localization on the carotenoid. The Q y bleach in the visible T-S spectra has comparable amplitudes at RTs of 77, 40, and 4 K in LHCII and at an RT of 77 K in PCP, which makes the thermal equilibrium rather unlikely.
Delocalized triplet model
Another possibility is that Per and Chl-a share the triplet. Microwave-induced absorption (MIA) spectra of bacterial LH show the presence of a Q y bleach whose intensity is related to the efficiency of TEET in the different complexes (30) . Such a delocalization of the carotenoid triplet wave function over an adjacent (B)Chl has been discussed by Angerhofer et al. (30) for bacterial LHC. However the authors concluded that the observed Q y response upon 3 Car formation was probably due to electrostatic perturbation of the (B)Chl upon carotenoid triplet population. Delocalization of the carotenoid triplet state over an adjacent Chl-a molecule leading to the mixing of Chl triplet character in the carotenoid triplet state provides a straightforward explanation for the shape of the signal in the visible T-S spectra: bleaching of the Q y band and a broad featureless absorption increase in this region, as is expected for a Chl-a triplet T-S spectrum. Efficient TEET is governed by a Dexter-type exchange interaction. Such a shortrange exchange mechanism requires the overlap of donor and acceptor wave functions and thus obeys an exponential law on intermolecular distance. The Dexter mechanism is nearly 100% efficient at a distance of ;3.5 Å . Because the TEET yield in PCP is ;100%, the overlap must be significant, which is consistent with the PCP structure where the protein scaffold encloses a Chl-a-Per cluster with the pigments at 3.9-4.5 Å . This is also consistent with the observation of Carbonera et al. (26) , who have shown the occurrence of intracluster 3 Per migration demonstrating significant highest occupied molecular orbital/lowest unoccupied molecular orbital overlap between the Pers.
Interestingly Angerhofer et al. (30) have shown that in bacterial LH complexes the intensity of the BChl-a Q y bleach in the MIA spectra is directly correlated with the rate of TEET but the Car-BChl interaction is not related to the polyene length (n ¼ 11,13). Thus it appears that delocalization of the triplet wave function between Chl or BChl and carotenoid occurs when the overlap of the ground state and excited state wave functions is predominant over the relative energies of the molecules involved in TEET. This triplet delocalization effect appears to be tightly related to the triplet-triplet coupling strength. A recent calculation on TEET (49) showed that the electronic coupling mainly arises from the region of close contact between the donor and acceptor frontier orbitals and is strongly dependent on the intermolecular configuration. Triplet-triplet coupling strength is optimal and decays less steeply with increasing separation, when acceptor and donor orbitals are fully stacked. Thus, directly stacked p-p overlap between Per and Chl-a in PCP should be mainly responsible for the Per triplet wave function delocalization over the neighboring Chl-a. The PCP crystal structure exhibits each Chl-a surrounded by two stacked (Per 612/622 and 614/624) and two side by side Pers (Per 611/621 and 613/623), of which Per 612/622 has its allene moiety stacked with Chl-a at ;4 Å . Thus, Chl-a coupling to Per 612/622 together with 614/624 is the more likely candidate for the observed concerted triplet dynamics.
The observation of chlorophyll triplets during the lifetime of the carotenoid triplet identifies the observed 670 nm bleaches in visible T-S spectra of PCP as originating from shared Per-Chl-a triplets. Moreover, a similar shared triplet has recently been observed in LHCII and FCP (M. T. A. Alexandre, I. H. M. van Stokkum, J. T. M. Kennis, and R. van Grondelle, manuscript in preparation), corroborating the observation on PCP and pointing toward a general phenomenon and thus possibly a new understanding of the photoprotection mechanism. In this respect, it is important to note that the Chl or (B)Chl Q y bleach upon carotenoid triplet decay is observed in all LH systems, including artificial ones such as carotenophthalocyanine dyads and triads (50, 51) .
Per modes
The other specific modes that are active after electronic excitation are the Per lactone modes above 1700 cm À1 . Four different modes could be observed-1745, 1741, 1720, and 1710 cm À1 -showing that PCP provides different environments for each Per conformer with respect to its backbone and lactone groups. The assignment is corroborated by the Raman frequencies of 1720 and 1745 cm À1 in resonance upon 530-nm excitation (E. Papagiannakis and B. Robert, unpublished data). The observation of four lactone modes is in agreement with Kleima et al. (11) , who concluded that four different triplet state conformers contributed to their VIS T-S spectra at 77 K.
Origin of DADS1
For all excitation wavelengths the DADS1 show similar intensities of the spectral bands in the carbonyl region with a strong band shift at 1745/1720 cm À1 , which represents a first Per conformer. However, an amplitude decrease of the 1720 cm À1 ESA is noticeable for 480-and 530-nm excitation, which could be related to participation of an additional conformer after direct Per excitation. This is also suggested by the time trace at 1720 cm À1 shown in Fig. 5 , where the ESA is visible upon 670-nm excitation, whereas it is compensated by apparent bleach upon 530-and 480-nm excitation. Furthermore, we observe an increase in amplitude of the Chl-a band shift (negative at 1699-1686 cm À1 , positive at 1670 cm À1 -1657 cm À1 ), which might be associated with the presence of the additive 1720 cm À1 Per conformer. Those two conformers, 1745 and 1720 cm À1 , represent spectrally the shorter lifetime of 13 ms, with the 1745 cm À1 mode corresponding to the highest frequency lactone carbonyl Pers. Below 1600 cm À1 in DADS1, all modes are more intense at 530-and 480-nm excitation compared to 670-nm excitation, which is consistent with populations of two and one conformers at such excitation, respectively. The stronger modes' band shifts in the fingerprint region below 1300 cm À1 at 530-nm excitation suggest a more distorted, twisted Per triplet conformation.
Origin of DADS2
The intensity and spectral features of the carbonyl region in DADS2 also depend on the initial excitation wavelength. The wavelength dependence is characterized by the appearance of a lactone mode at 1741 cm À1 on 530-nm excitation, which is absent on 670-nm excitation together with an increased population of the conformers with carbonyl modes at 1720 cm À1 upon 530-nm excitation. The latter changes are more pronounced upon 530-nm excitation and are observed together with an increased ESA of the low-frequency keto Chl-a at 1657 cm À1 . The overall amplitude increase observed upon direct Per excitation (Fig. 6 ) is attributable to both DADS1 and DADS 2 and is associated with the additional participation of 1741 and 1720 cm À1 Per conformers compared to direct Chl-a excitation.
Thus, it appears that the triplet localization among the Per conformers and the Chl-a can be tuned by the initial excitation wavelength. This is surprising as it does not agree with the classical understanding of triplet quenching in LHCs, according to which all excitation energy is expected to be initially collected on the Chl-a, no matter whether it was Per or Chl-a that was excited (10, 24) . Such wavelength dependency indicates that the triplet pathway is conformer sensitive and mainly the red Pers (excited at 530 and/or 550 nm, see Results section) change the triplet pathway as well as the localization of the triplet among the two PCP clusters. This suggests that this red Per acts as a switch which triggers an additional excited state pathway and/or a different fate of the excited state among the complex. Perhaps this additional excitation pathway photoprotects the PCP by deactivating Per singlet excited state into harmless Per triplet states. It has been shown that these red Pers have some specific properties. First, the largest Stark signal is observed for the red Per conformers in PCP at 530-550 nm, which suggests a chargetransfer (ICT) state character (52, 53) . Second, Salverda (54) proposed a strong interaction between Chl-a and red Pers (Per 614/624) to explain the zero-rise time bleach band at 540 nm in the ultrafast transient absorption spectra after Chl-a excitation. Salverda suggested a structural rearrangement of Per 614/624 on Chl-a excitation as a possible mechanism. Thus a specific interaction between Chl-a and this red Per exists. This is consistent with the nonconservative CD signal of the Q y of Chl-a in PCP (11, 55) , which is explained by an excitonic interaction of Chl-a and Per.
The ICT state character of the red Pers and their special interaction with Chl-a might be involved in the mechanism that opens an additional triplet deactivation pathway. Several explanations are likely for the formation of different Per triplet states dependent on the excitation wavelength. A first possibility is that the ICT-forming conformers might undergo a structural change by coupling to Chl-a and change the triplet equilibrium among and between the Per-Chl-a clusters. However, that would imply that on the nanosecond timescale the system is still in a kind of hot vibrational conformational state where it ''remembers'' the red Per excitation, which seems to be unlikely.
Nonetheless, because it appears that exciting the red Pers at 530 and/or 550 nm leads to a significant increase of the 1740 and 1720 cm À1 triplet, the more realistic conclusion would be that the 530-550-nm red Pers have their own triplet state generation pathway. Thus, we favor two possibilities. First, these ICT-prone conformers, which exhibit a stark signal comparable to that of the heterodimer special pair of the bacterial RC, could undergo charge separation and lead to triplet generation by radical pair charge recombination as shown in PSII-RC for Chl1 and PheÀ (40) . The second one could be that the red Pers have a larger ability to undergo the singlet fission mechanism (56) . The special mechanism of ultrafast 3 Car formation (intramolecular singlet fission), as identified in carotenoids bound in bacterial LHCs (56, 57) , was not observed in PCP by ultrafast spectroscopy (10, 24) . However, even if femtosecond experiments did not give any indication of such ultrafast triplet formation, we can wonder if under our excitation conditions permanent conformational changes induced by direct Per excitation could lead to activation of the singlet fission pathway, as this mechanism has been shown to be dependent on the carotenoid distortion (58) . Indeed, the light minus dark FTIR spectrum of PCP excited at 530 nm shows subtle (few milliOD) conformational changes assignable to the high-frequency carbonyl Per conformer (1745 cm À1 ), whereas no changes have been observed upon 670-nm excitation (data not shown). A double-photon process that leads to direct Per triplet and/or radical formation would be another possibility; Per cation radicals have been generated when the S 2 state was repumped with 800-nm light (59) . As shown by Billsten et al. (60) , excitation of zeaxanthin with a strong nanosecond pulse can lead to triplet and radical formation. Even if the probability is low under our experimental conditions, such a double photon process would explain the overall increased signal (DADS1 and DADS2) and the appearance of the 1741 cm À1 conformer together with the 1720 cm À1 bleach and 1657 cm À1 ESA increase at 530-nm excitation. Thus, the exact mechanism of this excitation wavelength dependency observed by direct red Per excitation remains unclear; however, opening an additional triplet deactivation pathway could have physiological implications as a photoprotective process.
CONCLUSIONS
In this study we distinguish the triplet state forming Per conformers in PCP by their lifetimes and spectral features and find two independent triplet transients at RT. DADS1 represents the typical pathway of carotenoid photoprotection with predominantly 1745 cm À1 conformer contributing, whereas the other conformers (predominantly 1741 and 1720 cm À1 ) show wavelength-dependent triplet formation via a different mechanism than the classical TEET, likely involving the ICT state coupling to Chl-a or the singlet fission mechanism.
Furthermore, all DADS show the involvement of both Chl-a and Per conformers in the triplet state dynamics at all excitation wavelengths, from which we conclude that the Per triplet wave function extends over the Chl-a system. This likely stabilizes Per triplet states well below the oxygen singlet state energy, which lie respectively at ;8000 and 7882 cm À1 , providing PCP with the property to quench the singlet oxygen state. Hence, our data show that the two Chl-a of the PCP monomer are active in the photoprotection processes undergoing concerted dynamics with the Pers forming a delocalized triplet.
